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ABSTRACT

Ice impacting the sea floor gouges surficial sediment of the shallow,
Bering epicontinental shelf, Alaska. ‘lwo types of ice gouge have been
recognized: the single gouge, a single gouge furrow, and multiple gouges or
raking~  a wide zone of numerous~ subparallel gouge furrows. Single gouges,
the most common type, are cut by single-keeled pieces of thick ice, whereas
multiple gouges are formed by multikeeled, thick, pressure-ridge ice* Gouges
occur in water depths of 30 m or less, but are most dense in water 10 to 20 m
deep. Although some gouge incisions are as deep as 1 m, most gouges are 0.5 m
or less. Ice gouges trend parallel to pack ice movement, which in turn
generally moves parallel to isobaths and coastline configuration, Mean gouge
trend in Norton Sound is west-east~ in northeastern Bering Sea north-south.

The annual ice cover in this subarctic setting is thin (less than 2 m).
Ice thick enough to gouge the substrate forms in compression and in shear
zones; there moving pack ice collides with and piles up against other pack ice
or stationary shorefast ice to develop numerous pressure ridges. Southward-
movincj pack ice in northeastern Bering Sea and westward-moving pack ice i~
Norton Sound converge witht and shear past, a 10-30-km wide shorefast  ice zone
that covers the shallow water offshore of the Yukon Delta. The intensity of
ice deformation in this zone causes the highest gouge density in the study
area. In contrast, northeastern Norton Sound is an area of ice divergence and
only minimal ice gouging. The rest of Norton Sound and northeastern Bering
Sea is either in ice-divergence areas or water depths are too great for ice to
touch bottom, thus ice gouge density in these places is low. Gouging is
extremely rare inshore of the shear zone, because shorefast ice is relatively
static and protects inshore areas from the dmamics of the shear or
compression zone and consequent ice gouging.
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INTRODUCTION

Development of natural resources in northern latitudes has led to

increased research on the effects of ice on shelf Bediment in arctic regions

such as the Beaufort Sea (Reed and Sater,  1974; Reimnitz and others, 1973;

Reimnitz and others, 1977; Barnes and others, 1978). Until recently, however,

research on ice gouging had not been done in subarctic regions such as the

Bering Sea. A variety of gouge features are found in many areas of

northeastern Bering Sea, even though ice conditions there are not as severe as

in high-latitude arctic regions. Ice gouging into the sea floor is a

potential hazard to future resource development and sea-floor installations

such as pipelines and wellheads.

This paper discusses general ice conditions and ice movement in

northeastern Bering Sea, the effect of ice as an erosional and depositional

agent that influences the geomorphology and depositional history of the

shallow subarctic Bering Sea shelf, and ice gouging as a potential hazard to

resource development in and around Norton Basin. Terminology used is adopted

from Barnes and others (1978), particularly in the use of the word “gouge”to

describe the feature and the process of ice interacting with the sea floor.

Geographic Settifiq

The floor of northeastern Bering Sea is a broad, shallow epicontinental

shelf (Figs. 1 and 2). Water depths in Chirikov Basin range from 20 m on the

eastern side to 50 m in the central part. The shelf is generally flat and

featureless except for a prominent series of ridges and swales that

subparallel  the coastline off Port Clarence. A large, elongate marine re-

entrant forms Norton Sound, bounded on the north by Seward Peninsula, on the

east by the Alaskan mainland, and on the south by the Yukon Delta. Except in

2



a broad trough in the

27 m, water depths in

of the Yukon Delta is

northern part of the sound, where depths are as great as

Norton Sound range from 10 to 20 m. The offshore part

a zone of extensive shoals covering about S000 kmz (Fig.

2)* Water depths 10 to 30 km offshore do not exceed 3 m, at which point there

is a gentle break in slope and the depth increases to 10 m as far as 50 to 70

Ian from shore. The substrate of the Yukon prodelta, derived from the Yukon

River, consists of coarse silt to very fine sand, whereas sediment in Chirikov

Basin consists mostly of glacial gravel and transgressive fine sand (Nelson

and Hopkins, 1972; McManus and others, 1977).

Ice Conditions and Uovement

Ice overlies northern Bering Sea annually from November through June

(Muench and Ahlnas, 1976; Shapiro and Burns, 1975). Depending on the severity

of the winter, multiyear ice may migrate into Bering Sea from southern Chukchi

Sea. Keel depth of 90% of the pack ice (any free-floating ice regardless of

origin) is less than 1 m, although depths to 20 m have been reported (Arctic

Research Laboratory, 1973).

Ice in open sea pans in Norton Sound is 0.7 to 1.2 m

others, 1977), but can get as thick as 2 m (Carole Pease,

Comm.) . Shorefast ice (ice anchored to the land) extends

thick (Brewer, and

1979, pers.

seaward to about the

10 m isobath and is best developed in the southern part of Norton Sound,

around the Yukon Delta (Ralph Hunter, written COmm., 1976; ~pr~, 1977,

Stringer and others, 1977) (Fig. 2).



Analysis of Landsat photographs (Dupr& and Ray, Sec. II, this volume;

Stringer and others, 1977; Muench and Ahlnas, 1976; Shapiro and Burns, 1975)

has contributed to a preliminary understanding of ice dynamics in the Bering

Sea. Pack ice in the northern Bering Sea originates from (1) in situ.—

northeastern Bering Sea ice and (2) advected Chukchi Sea ice. Chukchi Sea ice

can move through the Bering Strait and into the northern Bering Sea during

episodes of rapid deformation and subsequent rapid southerly movement of pack

ice caused by episodes of strong northerly winds (Shapiro and Burns, 1975).

Ice nmvement in the northeastern Bering Sea is controlled by the

interplay of: (1) prevailing winter northeasterly geostrophic wind (Muench

and Ahlnas, 1976), (2) erratic onshore wind (NOAA, 1974), (3) northward-

flowing water current on the eastern side of the Bering Sea (Coachman and

others, 1976) (Fig. 2), and (4) a counterclockwise current gyre in Norton

Sound (Nelson and Creager, 1977) (Fig. 2). Late winter and early spring winds

tend to push ice generally southward in

waning late spring winds allow pack ice

northeastern Bering Sea, whereas

to be increasingly influenced by the

northward-flowing water currents (Fig. 2).

In Norton Sound the dominant direction of ice movement is southwestward

out of the sound. This drift creates a zone of divergence in the northeastern

part of the sound and a zone of convergence in the southwestern or Yukon

prodelta area of the sound (Dupr& and Ray, Sec. II, this valume; Stringer and

others, 1977) (Fig. 2). Periodic changes

move

ice,

ice in and out of the sound, thereby

or even advected Chukchi Sea ice, to

Zones of convergence can be zones of

in wind and water cnrrent tend to

making it possible for Rering Sea

work its way into the sound.

pressure-ridge or shear-ridge

formation characterized by colliding, piling UP, and deforming of the edges of
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fast ice and of pack ice (Reimnitz  and Barnes, 1974). The best-developed

pressure ridges in northeastern Bering Sea form around the Yukon Delta, where

Bering Sea pack ice on the western prodelta and Norton Sound pack ice on the

northern prodelta collides with the Yukon Delta fast ice (Dupr4 and Ray, Sec.

II, this volume; Stringer and others, 1977).

Methods

Data for this study were gathered by the U.S. Geological Survey

September 1976, July 1977, and September 1978 aboard R/V SEA SOUNDER

during June and July 1978 aboard WV KARLUK. Approximately 5,100 km

scan sonar trackline  was obtained (Fig. 1). Normally, seismic units

during

and

of side-

with

energy sources of 200 kHz~ 12 kHz~ 7 kHz~ 3.5 kHz, and 2 kHz were run

simultaneously with side scan for additional bottom and subbottom

information. The 6-m keel depth of the R/V SEA SOUNDER limited ship

operations to water deeper than 8 m, whereas the shallow draft of the R/v

KARLUK (1 m) allowed surveying in nearshore areas and in the shallow waters

off the Yukon Delta. Geophysical and navigational operations are described in

Thor (1978).

An EG and G side-scan sonar system* , consisting of a dual-channel graphic

recorder and a towed transducer fish, was used to survey the sea floor. Side-

scan sonar, an alternative method to conventional vertical echo sounding,

employs a 105 kHz

acoustic beam can

● tiy use of trade

pur~ses only and
Survey.

acoustic beam whose axis is slightly below horizontal. This

resolve topographic irregularities and objects on the sea

names and trademarks in this publication is for descriptive
does not constitute endorsement by the U.S. Geological



floor with as little as 10 cm of relief. Reflected echoes are graphically

recorded in a form that approaches a plan view map. Discussions on

theoretical and practical aspects of side-scan operation and interpretation

can be found in Belderson and others (1972) and Flemming (1976). Normally the

Bide-scan was operated at 100-m sweep (the scan range on either side of the

ship); although at timesr the 50-m sweep was used to help resolve details of

the gouging. In addition, a 200 kHz high-resolution fathometer was operated

to measure the incision depth of ice gouges (Fig.

gouges on

generally

paper.

the fathometer record or on the horizon

masked by the recording of sea swell or

Gouge data were collected from

measuring the trend~ and noting the

3). Vertical relief of

line of monographs is

ship’s motion on the chart

the monographs by counting the number,

time of occurrence of all gouges seen on

the records. Distortion of sea floor features on the sonograph occurs

parallel to the line of travel because of the difference in ship’s speed and

the recorder’s paper-advance speed. ‘lb obtain absolute compass trend of

gouges, a distortion ellipse protractor, which corrects for the apparent angle

produced by ship paper speed, was used to measure gouge angle with respect to

ship’s track. This information was then normalized at 10-km intervals.

Normalization entailed two procedures: (1) correction of the number of

observed gouges and (2) averaging of observed gouge trends. The number of

obsemed gouges per 10-km interval was multiplied by l/sin (where angle

equals the angle between ship’s course and gouge trend) to correct for the

fact that ship’s course usually was not normal to the gouge trend. my angle

other than 90° between ship’s course

of gouge density (Barnes and others,

and gouge trend will give a false picture

1978) . Averaging observed gouge trends
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involved graphing the measured trends for the 10-km intervals and noting the

average dominant and “subordinate trend or trends. Each average trend per

10-km inte~al was then plotted on the base map to define areas of similar

gouge trend.

GEOMETRY AND TYPE OF ICE GOUGING

Two basic types of ice gouge have been recognized on the sea floor of

northeastern Bering Sea: (1) single gouges and (2) multiple gouges or

raking. A single gouge, the dominant type of ice-produced mark on the Bering

Sea floor, is a groove produced by a single ice keel plowing through the

su.rficial  sediment (Figs. 3-A, 3-B, 4-A, 4-B, and 4-C) (Reimnitz and others,

1973; Reimnitz and Barnes, 1974). Single gouges are ubiquitous throughout

Norton Sound; although the highest density occurs around the prodelta of the

Yukon River (Fig. 5).

Single gouge widths range from 5 to 60 m; a width of 15 to 25 m is most

common. ~uge patterns range from straight, through sinuous, to sharp-angled

turns (Fig. 4). Incision depths of gouges, as measured on the sea-floor

profile of monographs (Fig. 4-E] and on the 200 kHz fathometer record

(Fig. 3-B), can be as deep as 1 m. Most gouges range in depth from 0.25 to

0.5 m or less. These figures may be conservative because of the geometric

relation between the narrow’width of the gouge and the spread of the acoustic

cone of the fathometer  transducer (Reimnitz and others, 1977). The original

incision ~epth is impossible to determine unless the gouge is seen as the keel

plows the bottom, because the gouge has subsequently been infilled.

Multiple gouges or raking (Figs. 4-F.and 4-G) are produced when multi-

keeled floes (such as pressure ridges) plow or rake the bottom sediiient,

creating numerous parallel furrows (Reimnitz and others, 1973; Reimnitz and
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Barnes, 1974). Unlike single gouges, raking is not ubiquitous, but in the

Yukon prodelta area the raking process is locally more prevalent than single

gouging. 2bnes of raking are 50-100 m to several kilometers wide. The

deepest incisions caused by raking observed on the records are about 1 m; but

raking, like single gouges, usually produces incisions less than 0.25-0.5 m

deep.

TREND AND DISTRIBUTION OF GOUGES

Analysis of the trend and distribution of gouges allows recognition of

five areas of gouging with similar trends (areas I - V), and two large areas

almost devoid of gouges (VI and shorefast ice zone) (Fig. 5). Absolute

direction of ice movement cannot be predicted because criteria needed to make

certain distinctions, such as gouge terminations, were not seen on the

monographs.

In areas I and II (Fig. 5), the dominant trend of gouges is distinct’.y

subparallel  to isobaths and the coastline. There is more data scatter in

areas III, IV, and V, but gouges again are generaly parallel to isobaths and

the coastline. The greatest data scatter is seen in area V, but this may

refle”d.t:~he  irregular bathymetry  of ridge and swale topography off Port

Cla.x+ie!. Except for a couple of gouges off the northwestern end of St.

Lawrence Island, area VI is devoid of ice gouges.

Density of ice gouges is as much as 25 times higher around the Yukon

Delta area, where the water is 10 to 20m deep, than in other areas of

northeastern Bering Sea (Table I and Fig. 5, areas I and 11). Not

coincidentally, the Yukon prodelta is the largest expanse of shallow water in

the study region, Here density of ice gouges can be as high as 75

gouges/km2. Density of ice gouging is 60 times higher in water 10 to 20 m

d= than in water 5 to 10 m

Gouging has not been seen in

deep or in water 20 to 39 m deep (Table II).

water shallower than 5 m or deeper than 30 m.
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Table I

Gouge Density by Area

Trackline Total number
km2

Average density
Area km of gouges ( 9ou9es/b2*  )

I 5,500 530 1,6B4 3*1B

I I 8 , 0 0 0 1,005 5,080 5.05

I I I 9,500 1,100 917 0.83

IV 15,500 400 993 2.48

v 7,900 1,120 216 0.19

VI 50,400 766 4 0.03

•bS~in9 ~ !-m trackline of side-scan sonar is representative of 1 km2.

“...
.

‘ \
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Table 11

Gouge Density by Water Depth Interval

Depth Trackline
km’ km

Total number
interval(m) of gouges Gouges/km2*

o-1o 16,500 480 147 0.31

1 0 - 2 0 2 4 , 6 0 0 2100 8 , 5 9 3 4 . 0 9

20-30 32,700 1300 143 0.11

30-40 2 6 , 0 0 0 750 0 0

4 0 - 5 0 1 2 , 6 0 0 450 0 0

>50 5 , 4 0 0 170 0 0

*Same as Table 1.

GEOL~ICAL SIGNIFICANCE

Trend and Density of GougeG

The interplay of geomorphology, water depth, oceanic conditions, and

location of compression or of shear zones (Fig. 2) determines the pattern of

ice gouging in northern Bering Sea (Figs. 5 and 6). The orientation of ice

gouges is dependent on the direction of ice drift under the influence of wind

and water current. .The dominant trend of ice gouges, therefore, in Norton

Sound is east-west and in the Bering Sea north-south (Figs. 5 and 6).
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Land promontories, such as the Yukon Delta, tend to block ice movement

and to cause the formation of compression and shear zones. Formation of ice

ridges around the Yukon Delta by the collision and shearing of moving pack ice

with stationary shorefast  ice accounts for the high density of ice gouges in

areas I and 11 (Fig. 5). Areas within the zone of Bhorefast ice, such as the

large area around the Yukon Delta (Fig. 5), are devoid of gouges. This is

because only the edge of the shorefast ice is deformed by the pack ice, and

subsequent deformation occurs continually seaward through a process of

migration of the compression/shear zone through time (Dupr4, 1978). Areas III

and IV are characterized by low density of ice gouges (Fig. 5). Gouging in

areas III and IV is the product of ridges formed in an ice-divergence zone by

intercollisions  of pack ice. Density of ice gouges in area V is low because

this area is not in a convergence zone and at most places water depth exceeds

normal ice-keel depths. Area VI does not seem to have any ice gouging because

water depths (Fig. 2) exceed normal ice-keel depths (Fig- 5).

Age of Ice Gouges

Although no specific studies were made to determine the age and longevity

of gouges, the gouges seem to be modern ephemeral phenomena that ‘recur

annually. West of Port Clarence and in the nearshore area of Nome, ice gouges

cut through ripple- and sand-wave fields that are in dynamic equiltirium  with

present wave or current motion (Nelson and others, 197S; Hunter and Thor,

1979) (Figs. 4-A and B). Here old gouges, highly modified by ripples or sand

waves and new gouges suggests that gouges are being formed each winter.

A number of geologic processes act ~ rapidly destroy gouges once they

have formed. Initial smoothing of ice gouges can be enhanced by: (1) the

saturated, silty substrate that tends to seek a minimum relief equilibrium

11



with tsides of the gouge flowing or slumping toward the center of the gouge,

and (2) the constant oscillatory pounding of wave motion on the sea floor that

causes shear failure in the soft sediment (Henkel, 1970), causing rouge sides

to collapse toward the center.

(Figs. 4-E and G) indicate that

gouge destruction.

The ‘dish-shape’

these are normal

profiles of most gouges

factors in the process of

Repeated surveys of ice gouges in water less than 20 m deep in the

Beaufort Sea have shown that gouges are frequently smoothed over completely in

one season (Barnes and Reimnitz, 1979). In the Bering Sea, the ice-free

season is 3 to 4 months longer than in the Beaufort Sea, allowing more time

for considerably stronger open-water wave and current regimes of the Bering

Sea to destroy gouges. In Norton Sound, storm waves and currents caused by

advance and retreat of storm-surge water, in addition to normal tidal and

geostrophic currents, resuspend and transport large quantities of surficial

sediment (Cacchione and Drake, 1978; Nelson and Creager,  1977). Destruction

of gouges is augmented by biological reworking of surficial  sediment, an

active process in Norton Sound (Nelson and others, in press). In summary,

gouges will tend to be either eroded or buried because they are not in

equilibrium with the dynamic physical processes on the sea floor. This

reinforces the hypothesis that gouges in Bering Sea are present-day phenomena

involving development of some new gouges each ice season.
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Ice/Sediment Interaction

Ice acts as both an erosional and a depositional agent. Ice gouges,

mixes, and deforms the substrate, and promotes current scour. Ice partially

controls the geomorphology of the Yukon Delta (DuprA and Thompson, 1979).

Sediment mixing and deformation of the substrate are important processes

in densely gouged areas such as the Yukon prodelta where pressure-ridge raking

can gouge 1 m into the sediment. One event of pressure ridge raking can

affect several square kilometers of sea floor.* Such an event can mix or

disrupt several million cubic meters of sediment. A zone of deformed sediment

in box core No. 48 (11-18 cm inte~al, Fig. 3-c) possibly represents an ice-

gouge event.

Sharpness of gouge morphology is highly dependent on the type of

substrate being gouged. The sediment of the Yukon prodelta is a moderately

cohesive sandy silt that will hold a shape better than the coarser-grained

sediment of central Norton Sound or offshore from Port Clarence (Clukey and

others, 1978; Nelson and Hopkins, 1972; McManus and others, 1977). The gouge

shown in figure 5-A and some gouges shown in figure 4 are examples of forms

with sharp relief in a canpetent substrate. Gouges shown in figure 4-A are

smoother in form because they cut into a cohesionless sand substrate in the

Port Clarence area.

Prominent broad (50-150 m wide), shallow (0.6-0.8 m deep) depressions on

the western Yukon prodelta are associated with areas of intense ice gouging

and strong bottom currents (Larsen and others, 1979). Topographic disruption

by ice gouges in these areas apparently causes flow separation in the strong

● tiea of gouging times depth of gou9ing* Ex. 2000 m (length of gouged zone) x
1000 m (width of gouged zone) x 0.5 m (depth of gouge) = 1,000,000 m3.
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currents, thereby initiating ecour depression for extensive distances

downstream. Consequently, large regions of scour may continue to expand

away from intensely gouged areas (Fig. 4-H).

The extensive depositional sand shoals of the Yukon Delta front coincide

with the seaward extent of shorefast ice, stamukhi (grounded pressure ridges)

and zones of dense ice gouging (Figs. 2 and 6). Reimnitz and Barnes (1974)

have noted this relation in the Colville Delta area of the Beaufort Sea. They

postulate that pressure ridges and stamukhi act as sediment traps or dams,

channelize winter currents~ or bulldoze

cycle is formed in the sense that shoal

sediment to form shoals. Thus, a

areas determine the extent of

shorefast ice and the location of a shear zone and pressure ridges, which in

turn cause shoals to develop. Dupr& (1979) hypothesizes that the

geomorphology of onshore and offshore parts of the Yukon Delta are similarly

controlled by ice.

To summarize, gouges are ubiquitous throughout northeastern Bering Sea in

water depths of 5 to 30 m. Ice-gouge density varies from rare to sparse in

northeastern Bering sea and northern Norton Sound; maximum density is around

the Yukon Delta (Fig. 6). Depth of ice gouges is fairly uniform throughout

northeastern Bering Sea and seems to be independent of gouge density.

Although maximum observed ice-gouge depth is about 1 m and maximum observed

current scour about 1 m~ the combination of these forces could affect the

bottom to depths of several meters, thus presenting some design problems and

potential hazards to installations in or on the sea floor. Pipelines and
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cables should be buried below the ccmbined  effective depth of ice gouging and

current scour, plus a safety factor.

Special studies of nearshore areas off Nome and Port Clarence were

conducted because both are potential centers for commercial development and

activity. Nome, already a well established small city, is the focal point for

barge traffic in the northern Bering Sea. Port Clarence, the only natural

harbor in the northern Bering Sea has high potential for development as a site

for future shipping activity.

Offshore Nome, being an area of ice divergence, is not heavily gouged.

Although several gouges were found offshore, none were in water shallower than

e KI. Several of these gouges are probably not related to ice. They are very

narrow (less than 1 m) compared to typical ice gouges (more than 5 m wide) and

are pcssibly produced by anchor, anchor chain, or cable drag from the tugs and

barges that frequent the port of Nome.

Several gouges were found near Port Clarence at the northern end of the

Port Clarence spit and on the northern side of Port Clarence inside the tidal

inlet. But, none occurred in water less than 8 m deep.
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List of Figures

Figure 1. Index map and chart of high-resolution geophysical and side-scan
sonar tracklines  covered by the R/V SEA SOUNDER and R/V KARLUK in
northeastern Bering Sea during 1976, 1977, and 1978.

Figure 2. Northeastern Bering Sea and southern Chukchi Sea, showing water
circulation and bathymtry. Cmnpliation sources include Goodman
and others (1942), Fleming and Heggarty  (1966), Husby (1969, 1971),
McManus and Smyth (1970), Nelson and Hopkins (1972), Pratt and
Walton (1974), and Coachman and others (1976). Drift directions of
pack ice in northern Bering Sea adapted from Muench and Ahlnas
(1976) and Dupr& (1978).

Figure 3. A - solitary gouge on a sonograph. B - 200 kHz fatlmmeter profile
and diagrammatic representation of gouge shown in A. Features of
gouge include a) incision depth as measured from gouge bottom to a
horizontal line projected across sediment surface, b) height of
sediment mounded on the gouge edge, c) width of incision, d) width
of disruption zone caused by the gouging process, C - box core
slab showing subsurface (11-18 cm interval) disruption possibly
caused by a past gouge event.

Figure 4. Monographs showing ice gouges of the northeastern Bering Sea. A and
B- solitary gouges in sand-wave and ripple fields. C, D, and E -
solitary gouges. Example E shows depth of incision on the
sonograph horizon line. FandG- examples of pressure ridge
raking. Example G shows depth of incision on the sonograph horizon
line. H - example of depressions associated with ice gouging.

Figure S. Rose diagrams representing trend and density of gouges. Division
into areas I - V based on zones of similar trending  gouges. Zone
of shorefast ice based on evaluation of Landsat imagery (Dupr&,
1977, 1978; Ralph Hunter, pers. ccxrun.,  1977).

Figure 6. Summary of ice gouging: density, shorefast ice lin~ts, and ice
movements in northeastern Bering Sea.
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